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SUMMARY 

An investigation was conducted to determine the effects of gecmetric 
dihedral on the.low-speed static stability and yawing characteristics of 
an untapered 45O sweptback-wing model of aspect ratio 2.61. The results 
of the tests indicated that an increaee in positive dihedral resulted 
in an increase in the rolling mo;llsnt due to sideslip end aleo caused 
the maximum value of rolling moment due to sideslip to occur at increas- 
ingly higher lift coefficients. Increasing positive or negative dihedral 
caused a decrease in the lift-curve slope and en increase in the variation 
of lateral force with sideslip. Dihedral had no appreciable effect on 
the yawing moment due to sideslip. w 

The rolling moment due to yawing became more positive with increas- * 
ingly poaitive dihedral end became less positive with increasingly 
negative dihedral. The rate of change of rolling moment due to yawing 
with dihedral angle was nearly independent of lift coefficient. The 
yawing moment due to yawing was nearly independent of lift coefficient 
for low end moderate lift coefficients and showed no definite trends 
at higher lift coefficients. The lateral force due to yawing became 
more positive with an increase in positive or negative dihedral and 
showed little variation with lift coefficient through the low end moderate 
range of lift coefficiente. At higher lift coefficients, the lateral 
force due to yawing became more positive. 

INTRODUCTION 

Estimation of the dynamic flight 'characteristics of airplanes 
requires ahowledge of the component forces and moments resulting from 
the orientation of the airplane with respect to the air stream and from 
the angular velocity of the airplane about each of its three axea. The 
forces and moment6 resulting from.the orientation of the airplane usually 
are expressed ae the static stability derivatives, which are readily 
determined in conventional wind-tunnel teste. The forces and memento 
related to the angular motions (rotary derivatives) generally have been 
estimated from theory because of the lack of a convenient experimental 
technique. 
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The recent application of the rolling-flow end curved-flow prinoi- 
pie of the Langley stability tunnel has made possible the determination 
of both the rotary and 5tatFcstability derivative5 with about the same 
ease = Unpublished data have indicated that although the rotary stability 
derivative5 of unswept wings ofmoderate or high aspect.ratIo can be 
predicted quite accurately from the available theory, the use of sweep - 
and,perhaps, low aspect ratio - introduces effects which are not readily 
amenable to theoretical treatment-. For this reason, a systematic 
research program has been established for the purpose of determining 
the effect5 of various geometric variable5 on both rotary and static 
stability characteristics. 

The present investigation is concerned with the determination of 
the effect5 of geometric dihedral on the static stabiJ.ity and yawing 
characteristics of an untapered 45' swept wing of aspect ratLo 2.61. 

SYMBOIa 

All forces end moment5 are given with respect to.the stability exe5 
with the origin at the quarter-chord point of the mean aerodynamic chord 
of the wing. The positive direction ofthe forces, moments, angular 
displacements, and velocities are ahown in figure 1. The symbols and 
coefficient5 used herein are defined as followa: 

CL 

CL' 

CY 

cx 

c2 

cn 

Cm 

L 

Y 

X 

L 

N 

M 

lift coefficient (L/qS) 

lift coefficient based on lift of one panel of &ng with dihedral 
and on area of entire wing 

lateral-force coefficient (Y/qS) 

longitudinal-for& coefficient (X/qS) 

rolling-moment coefficient ( L/m 1 

yawing-moment coefficient (N/qSb) 

pitchinglnament coefficient (M/q@ 

lift, pounds 

lateral force, pounds 

longitudinal force, pounds 

rolling moment about X-atis, foot-pound5 

yawing moment about Z-axis, foot-pounds 

pitching moment about Y-axis, foot-pounds 

l - 

, 
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P 

VO 

V 

S 

b 

C 

Y 

F 

x 

A 

a 

dynamic pressure, pound5 per square foot 
( ) ii? Vo2 

mam density o$ air, slug13 per cubic foot 

free-stream velocity, feet per second 

local velocity, feet per second 

wing area (zero dihedral wing), square feet 

span of wing, measured perpendicular to plane of symmetry (zero 
dihedral wing), feet 

chord of wing, measured parailel to plane of symnetry, feet 

absolute value of spanwise distance from plane of symmetry to 
any station cm wing quarter-chord line 

mean aerodynmic chord, feet b li2c2 da 

rearward distance fram coordinate origin (airplane center of 
gravity) to aerodynemic center 

effective lateral center-of-pressure location of the results& 
load caused by rolling 

aspect ratio (b2/S) 

angle of attack measured in a vertical plane paraUe1 to the 
plane of symmetry, degrees 

angle of yaw (equal to -$), degrees 

angle of sideslip, degrees, unless otherwise indicated 

angle of sweep, positive for sweepback, degrees 

dihedral angle, degrees (unless otherwise specified.) 

yawing-velocity parameter 

angular velocity in yaw, radian5 per second 

radius of curvature of flight path 

section lift-curve slope, per radian 
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. 

acy 
‘Yr = 7 

a - i 
WO 

&2llr/ar dihedral-effectiveness parameter; rate of change of C2* 
withdihedralangle 

SC 2Jar rate of change of C2r with dihedral angle 

Subscripts: - 

1 induced 

L left-wing pi&e1 

R right-wing panel - 

The tests of the present investigation were made in the 6- by 6-foot 
test section of the Langley stability tunnel, in which curved flow can be _ 
simulated by curving the air stream about-a eta$ionary-.model. 
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The model tested was an untapered 45O sweptback wing (see fig. 2) 
with a lo-inch chord and NACA 0012 airfoil sections in planes normal to 
the leading edge. The model was constructed of lsminated mahogany and 
consisted of two panels which were joined together by metal brackets. 
The brackets were made to gdve the model dihedral angles of loo, O", -loo, 
and -200. The ride1 was rigidly attached to a single strut into which 
was built a strain-gage balance systemby which all the forces and mts 
on the model were measured. A photograph of the model mounted on the 
support strut in the curved-flow test section is shown as figure 3. Some 
clearance was provided between the'strut and the model. Ro attempt was 
made to seal the clearance gap because previous tests of a similar model 
showed that sealing the gap had negligible effect on the characteristiss 
of the model. 

Two series*of tests were made. The first series consisted of 
straight-flow tests for each model configuration. The tests were made 
through a yaw-angle range from -30° to 30° for several angles of attack. 
The second series of tests were made in simulated ,yating flight for each 
model configuration (r= loo, 00, -loo, and -20') l The yawing-flow tests 
were made at zero yaw angle and at stream curvatures corresponding to 
values of rb/2Vo of 0, -0.031, -0.067, and -0.088, based on the span 
of the zero-dihedral model. Each model configuration was tested from 
about zero lift up to the stall. 

AU tests were made at a dynsmic pressure of 24.9 pounds per square 
foot, which corresponds to a Mach number of 0.13 and a6Reynolds number, 
based on the model mean aerodynamic chord, of 1.1 x 10 . 

CORRECTIONS 

Approximate-correct&m8 for jet-boundary effect were applied to 
the angle of attack and to the longitudLnal-force coefficient. ,A 
correctian was also applied to the lateral force to account for the error 
caused by the staticpressure gradient across the curved-flow test 
section.' The corrections used are: 

La = 57.3&&c, 

Acy = 4.0b%g) 
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where 

6, boundary correction factor from reference 1 

S’ tunnel cross-section area at test section, feet 

V volume of model, cubic feet 

No corrections were made for tunnel blocking or support strut tares except 
for the derivatives Cl,. In this case, the tare atzero lift coefficient 
was applied throughout the lift-coefficfent range. 

Presentation of Data 

All the test data are based on the area, span, and mean aerodynamic 
chord of the zero-dihedral model configuration. The data obtained from 
the straight-flow tests are Rresented in figures 4 and 5. Curves _of 
lift coefficient C&, longitudinal-force coefficient CJL, and pitching- 
momsnt coefficient Cm plotted against angle of attack for each mcdel.. 
configuration ($ = O") are presented in figure 4. Curves of rolling- 
moment coefficient Cl, yawing mnt coefficient Cn, and lateral- 
force coefficient Cy plotted against angle of yaw for several angles 
of attack and for each model configuration am shown in figure 5. The 
'data obtained from the yawing-flow tests are presented in figure 6 as 
plots of Cl, Cn, and Cy against rb/ZVo for several angles of 
attack for each model configuration. 

The variations of (39, Cn+, and Cy$ with lift coefficient are 

shown in figure 7 for each model configuration in straight flow. The 
variations of Clr, Cnr, and C$ with lift coefficient are shown in 
figure 8 for each model configuration. 

The effects of dihedral on the static longitudinal stability character- 
istics cf, and dCm/dCD are shown in figure 9. The effect of dihedral 
on the rolling-moment derivatives Cl $f ana '2, for several lift coeffi- 
cients is shown in figure 10. The variations of the parsmeters 

%P 
and &@W with lift coefficient are shown in figure ILL* 

Straight-Flow Results 

Lift characteristics.- The slopes of the lift curves at-zero lift of 
figure 4 are presented.as a function of dihedral angle In figure 9# The 
curve of figure $3 indicates that the lift-curve slope decreases. with 
increasing positive or negative dihedral. The analysit3 of reference 2 
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shows that the variation of lift-curve slope with dihedral ten be 
expressed aa 

(1) 

where is the lift-curve slope of the zero-dihedral model and 

is the lift-curve.slope of the ssme model with dihedral. The 

curveof obtalned by means of equation (1) and the measured 

value of are presented in figure 9 for comparison with the 

experimentally obtained variation. The two curves generally are in good 
agreement and are consistent with ~imi.lsr results in reference 3. 

Pitching-moment characteristics.- The pitchinglnoment data of 
figure 4 indicate that as the dIhedra1 angle is made positive, the 
pitching moment generally becomes less positive. The slopes of the 
pitching-mamsnt curves of figure 4 were measured at zero lift and are 
plotted in figure 9 as a curve of &.$&CL against dihedral angle. The 
slope &I&/&L generally becomes slightly less positive as the dihedral 
angle is made more positive. 

Longitudinal-force charactetistics.- The longitudinal force is 
nearly independent of dihedral angle for angles of attack up to about 12'. 
(See fig. 4.) At higher angles of attack the longitudinal-force coeffi- 
cient generally decreases with either positive or negative dihedral. 

Rollingamnt characteristics.- The rolling-mnt data of figure 7 
indicate that, for the wing tested, positive dihedral resulted in a 
positive displacement of the curve of C+ and negative dihedral 
resulted in a negative displacement of the curve of CQ at all. lift 
coefficients. As the dihedral angle becomes more positive, the msximum 
value of CzJc occurs at increasingly higher lift coefficients; whereas, 
increasing the dihedral negatively causes the maximum value of C+ to 
occur at increasingly lower lift coefficients. This trend is exactly 
the opposite to that reported in reference 3* The disagreement is believed 
to be caused by the differences in taper ratio and in camber of the two 
models. The model of reference 3 had a taper ratio 0.5 and a Rhode St. 
Genese 33 airfoil section. 

The rolling-mcment data of figure 7 were cross-plotted in figure 10 
to give curves of Czlk as a function of ddhedral angle for several lift 
coefficients. The curves of figure 10 indicate that the slope of the 
curve of C2 q fins% dihedral angle @3nerztUy is conetant in the -loo 
to 10' dihedral-angle range and decreases slightly in the -loo to -20° 
range l The same trend was indicated in reference 3. The slopes of the 



8 - IXACA TN NO. 1668 

curves of CZJ, of figure 10 were measured in the -100 to loo dihedral- 
angle range snd were plotted against lift coefficient in figure Il. The 
plot indicates that ac2@r i a nearly independent of lift coefficient 
up to a lift coefficient of about 0.5 and has a value--of about O.OOOll. 
At higher lift coefficients ?X~/ar increases to 0.00017. 

The curve of aC@r of reference 3 is included in figure ll for 
c-eon with the results of the present investigaticm. It is seen 
that the curves of the two investigations are quite different both in 
magnitude and in mode of variation with lift coefficient. In an attem@ 
to explain these differences, sn equation based on the methods of refer- 
ence 4 and extended to include dihedral angle effects was derived. (See 
appendix.) The equation is 

ac2* {A + 4) cost 
ar' A+4cosh 

( ) &“s where - ar -0 is the dihedral effectiveness parameter of an unswept 

wing with the ssme aspect ratio as the wing-under consideration snd is 
obtained directly from figure 12 for aspect ratios from 1 to 16 and taper 

ratios of 1.0 and 0.5. .Equation (2) gives a result of % - = 0.00013 
ar 

for the wing of-the present investigation and a result.of 0.000143 for the 
wing of reference 3. Although these calculated results are not very good 
checks on the experimental data, they do show that equation (2) gives the 
proper trends as far as magnitude is concerned. Little more may be said 
for the validity of equation (2) until more data are available for 
ccmparieon with calculated results. 

Yawing-moment characteristics .- The yawing-mcment data of--figure 7 
indicate that C* is nearly independent of dihedral for lift coefficients 
up to approximately CL = 0.5. At higher.lift coefficients the curves 
Of cnJ( are irregular, but in general, (2% becomes more positive with 

increasingly negative dihedral and more negative with increasingly positive 
' dihedral. 

Lateral-force characteristics.- The lateral force due to yaw Cyq 
becomes more positive as the dihedral is made more positive or more 
negative. CYJ, is nearly independent-of lift coefficient up to about 
CL = 0.5 and becomes irregular at higher lift coefficients.. (See fig. 7-) 

. 
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Yawing Flow 

RoUinR-mant characteristics.- The rolling-momentdata of figure 8 
indicate that the rolling moment due to yawing becomes more positive with 
increase in positive dihedral. Reference 5 indicates that the dynamic 
stability of an airplane decreases with a decrease in positive Czr. ThiS 
result indicates that the use of negative dihedral might decrease the 
dynamic stability; however, whether negative dihedral is detrimental or 
beneficial to dynsmic stability depends an the effect of dihedral angle 
011 all the derivatives which affect dynamic stability. Figure 8 also 
indicates that C2r generally increases with lift coefficient over the 
low-lift-coefficient range. 

The rollinginoment data of figure 8 were plotted in figure 10 as 
curves of Ctr against dihedral for several lift coefficients. The 
derivative Czr varies approximately linearly with dihedral for a given 
lift coefficient. The slopes of the curves of figure 10 were measured 
and plotted in figure l2. as a curve of &2,/S against lift coefficient. 
The parameter aCz,/ar is practically independent of lift coefficient 
and has an average value of about O&O&O. The methods of reference 4 
were extended to include the effects of small smounte of dihedral, and 
the folloving equation was derived (see appendix) for a sweptback wing 
with dihedral: 

&zr _ L Xa sin A 
ar I2 A + 4 COB A (3) 

where I' is in radians. For the wing used in this investigation, 

equation (3) gives a value &2r -= O.O@O ma converting r to degrees 
ar 

gives a value ac2r = 0.0016. This value is less thsn half of the 
average value (0.0040) obtained in the tests reported herein. Although 
equation (3) indicates the proper trends of the effect of sweep on the 
parsmeter &2r/* 3 the magoitude of the effect is much too low. It is 
possible that the value &2,/s given by equation (3) should be consid- 
ered eim@y as an increment due to sweep and that it should be added to 
the value of act,/* of unswept wings in order to get the total value 
for a swept wing. (Su h c was found to be the case in reference 4 for the 
derivative C-4 of swept wings.) Whether this motheels is correct 
cannot be determined at this time because of the lack of data on the 
derivative acLr/X of unswept and swept wings. 

Yawing-moment characteristics.- The yawing-mcment data of figure 8 
indicate that Cn, is nearly independent of dihedral and also of 
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. 
lift coefficient up to a lift coefficient of about CL = 0.5., The curvea 

- are irregular at higher lift cosfficients. - 

Lateral-force characteristics~- The lateral-force data of figure 8 
indicate that increasing the positive or negative dihedral generally 
&es Cyr less negative snd that Cyr varies only slightly with lift 
coefficient. 

CONCLUSIONS 

An investigation was conducted in the 6- by 6-foot test section of 
the Langley stability tunnel to determine the effects of dihedral on the 
aerodynamic characteristics of an untapered 45O sweptback-wing model of 
aspect ratio 2.61 in straightflow and in yawing flow. The results of 
the investigation have led to the following conclusions: 

1. The results obtained for the low-speed static stability charac- 
teristics were generally consistent with those of previous investigations. 

An increase in positive dihedral resulted in an increase in the 
::olling moment due to sideslip for all lift coefficients and also caused 
Lie maximum value of rolling mcvnent due to sideslip to occur at increas- 
ingly higher lift-coefficients. 

Increasing positive or negative dihedral caused a decrease in the 
lift-curve slope and en increase inthe variatim of lateral force with 
sideslip. 

Dihedral had no appreciable effect on the yawing momsnt due to 
sideslip. 

2. The rolling mount due to yawing became more positive with 
increasingly positive dihedral and became less positive with increasingly 
negative dihedral. 

3, The rate of change of rolling mane@ due to yawing with dihedral 
angle.was practically independent of lift coefficient end had a value of 
about 0.0040 per degree of dihedral. 

4. The yawing moment due to yawing was nearly independent of dihedral 
angle and lift coefficient for lift coefficients up to:about:0.5 but 
showed no definite trend at higher-lift coefficients. 
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5. The lateral force.due to yawing became more positive with increase 
in positive or negative dLhedra1 and show&d little variation with lift 
coefficient. 

Langley Aeronautical Laboratory 
National Advisory Ccumittee for Aermautics 

Langley Field, Va., April&, 1948 

. 
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APPENDIX 

TBEOHGTICAL DEFXVATION OF &+Jar AND ac,,/ar 

Approximate equations were derived in reference 4 for the stability 
derivatives of swept wings without dihedral. The methods of reference 4 
are extended herein to evaluate the parameters &2g/ar acd &&/aP. 

Dihedral Effectiveness Parameter 

For wings with dihedral the chsnge in.angle of attack; resulting 
from aideslip, can be ahown to be b = B sin P, where &z is measurea 
in planes perpendicular to each wing panel and parallel to the relative 
Wind. For an antisymmtrical load distribution the induced angle in the 

4CL' same planes is approximately &i = r= The lift=curve slope of--an 

infinite skewed wing is ao COB A; therefore, from lifting-line theory 

CL' = &At - *)a0 co8 A 0.0 

Substituticm of--the values of &S and 4 into equation (Al) gives 

( 

4CL' 
CL' = $- p sin r - liB - a0 co8 A 

> 

or 

CL' =& 
Aa, COB A 

2aocoeA~ sinr 
A+ 7r 

If 2~ is substituted in the denominator for ao, then 

CL! 
l..P"o co8 h 

=FA+4cosh 13 eti r (A21 
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The coefficient CL' is of the same magnitude but of opposite sign for 
the two wing panels. The rolling-moment coefficient for the entire wing 
therefore is given by 

c2 = F 
'2CL'F 

Substitution of the value of CL* given by equation (A2) into 
equation (A3) results in 

If r is small, then sin I' = I?, and 

1 Aa, COB A - 

where r is in radians. For unswept wings, equation (A&) gives 

1 Aao F 
=-rA-47 

(A4) 

(A5) 

If the approximation is made that sweep has no effect on s, then 
equations (A&) snd (A5) may be cc&ined to give the following 
equation: 

c2B -= (A + 4) COB A 
r A + 4 COB A 

The values of given in figure 16 of reference 6 for 

aspect ratios 6 to 16 and taper ratios 1.0 and 0.5 have been extrapolated 
to low aspect ratios by the procedure used in reference 4. The extra- 
polated curves are presented in figure 12. 
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Rate of Charge of Rolling Moment Due to 

Yawing with Dihedral 

A swept wing with dihedral undergoes a change in.angle of attack.in 
flight in acurved path. The change in angle of attack can be shown to 
be given approximately by 

. 

The velocity over any section of the left wing panel is 

VL = r(R + Y) cm 

and, for the right wing panel 

VR = r(R - y> (A91 

The pa& of the wing loading caused by the flight-path curvature is 
unsymmetrical because of the.velocity gradientacroes the wing span; 
therefore, the rate of change of lift on any eection with angle of attack 
is given approximately by 

The rolling moment for rectangular wings da 
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or 

15 

By mans of equations (A8), (Ag), and (AlO) and if I' is assumed to be 
small, it can be shown that 

If F is zero (as in the tests reported herein) and 237 is substituted 
for ao, then 

'2, 1 ml sin A -=- r 12 A + 4 COB A (=I 

. 
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. Figure 3.- Rear view of untapered 45’ sweptback-wing model in the f3- by g-foot curved-flow 
test section of the Langley stability tunnel. a = 10’; I? = 10’. 
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